The variability (in space and time) of westward propagating Rossby waves is analyzed with a wavelet method between 10N and 40N in the North Atlantic Ocean using two remotely sensed data sets (Sea Level Anomalies -SLA and surface chlorophyll-a concentrations) in order to better understand the waves' characteristics and their impacts on the chlorophyll distribution. Signals with wavelengths between ϳ 500 km and ϳ 1000 km with ϳ 4-to ϳ 24-month periods were detected and identified as the first baroclinic mode of Rossby waves. The spatial and temporal information has also highlighted a particular situation in 1998 at 34N, with the simultaneous existence of two distinct wave components corresponding to wavelengths 500 km and 1000 km.
Introduction
Rossby waves (also known as planetary waves) play an important role in the dynamics of the oceans. The westward propagating potential energy helps to maintain the midlatitude gyres and to intensify the western boundary currents (Polito and Liu, 2003) . Oceanic Rossby waves were for first observed in the 1970s and 1980s using XBT data (see Fu and Chelton, 2001 , for a full review of the in situ observations). In situ measurements are not enough to fully describe and understand these waves due to their sparse spatial and temporal coverage. Nevertheless, the numerical simulations following these observations allowed the first studies of the properties of these waves. With the development of satellite measurements, it finally became possible to observe Rossby waves in the form of westward-propagating features in time/longitude diagrams of Sea Level Anomalies (SLA) from radar altimeters (e.g.: Chelton and Schlax, 1996; Cipollini et al., 1997; Polito and Liu, 2003; Fu, 2004) as well as in Sea Surface Temperature (SST) from infrared sensors (e.g.: Cipollini et al., 1997; Hill et al., 2000) .
Recently, a number of papers have described features associated with planetary waves in ocean color data (chlorophyll-a concentration) (e.g.: Machu et al., 1999; Cipollini et al., 2001; Uz et al., 2001; Kawamiya and Oschlies, 2001 ). The observations of such signals prompt the question of how Rossby waves influence surface chlorophyll concentrations. Several physical/biological processes which might be involved have been suggested: (1) the eddy pumping mechanism associated with nutrient injection Uz et al., 2001; Siegel, 2001) , (2) the uplifting of a deep chlorophyll maximum toward the surface Kawamiya and Oschlies, 2001; Charria et al., 2003) , and (3) the meridional advection of horizontal chlorophyll gradients by geostrophic currents associated with baroclinic Rossby waves . These different processes are described using theoretical models and are compared to the remotely sensed observations in a recent paper by Killworth et al. (2004) . A fourth process, the accumulation of phytoplankton detritus in convergent zones as the waves pass, was also suggested (Dandonneau et al., 2003) , but its occurrence is still subject of debate (Killworth, 2004; Dandonneau et al., 2004) .
This paper aims at (a) investigating the spatial and temporal variability of Rossby waves and their effects on chlorophyll-a concentrations in the North Atlantic between 10N and 40N and (b) quantifying the relative importance of the different physical/biological processes over the same region. This part of the Atlantic Ocean includes very different biogeochemical provinces (Longhurst, 1998) and is characterized by a strong phytoplankton spring bloom inducing a well-marked chlorophyll frontal zone. Furthermore, an oligotrophic area, due to the existence of the subtropical gyre, resides south of 30N. This spatial variability allows us to analyze the influence of Rossby waves in the presence of very different background chlorophyll conditions.
The work is divided in two parts. In the first part of the study (Section 2), we characterize the variability in space and time of Rossby waves in two simultaneous remotely sensed data sets (Sea Level Anomalies and Chlorophyll-a concentrations) in the North Atlantic Ocean, using a wavelet transform approach. Previous studies had not analyzed the temporal variability (with the exception of Cromwell (2001) at the single latitude of 34N on SLA only). Using two data sets allows us a first step into assessing the likelihood of the different mechanisms by which planetary waves may affect the signal we observe in ocean color and allows location in time and/or space of any anomalous conditions that may deserve further study.
In the second part of the study (Section 3), process modeling from Killworth et al. (2004) is compared with result of a cross-spectral wavelet analysis of SLA and chlorophyll in order to investigate the interplay of the three aforementioned coupled biological/ physical mechanisms over the same area. As it will be shown in the following, this study broadly confirms the findings by Killworth et al. (2004) and gives additional information on the temporal variability of the SLA/chlorophyll relationship. Nevertheless, over part of the basin this analysis is not sufficient to remove the ambiguity in attributing the signals observed in ocean color to one or the other mechanism. Therefore, we finally attempt a quantitative decomposition of the observed relationship between SLA and ocean color based on statistical argumentations to estimate the share of the signal due to each process. . We used the products on a regular grid of 9 by 9 km from January 1998 to December 2001. The predicted error on the single 1-km SeaWiFS estimates of chlorophyll-a concentration is 35 % ; the accuracy of 9 km gridded data is comparable or better. As our study focuses on the anomalies of chlorophyll-a concentrations, we remove a monthly zonal average from raw data at each latitude and for each month. To apply the spectral wavelet analysis described below, the residual gaps in the data, mainly due to the presence of clouds, are filled with a linear interpolation.
Rossby wave features in the North Atlantic
ii. Sea Level Anomalies (SLA). Sea Level Anomaly data are provided by CLS Space Oceanography Division as part of the Environment and Climate EC AGORA and DUACS projects. These SLA were obtained from the combined processing of the Topex/Poseidon (T/P) and ERS-1/2 data. The two data sets were combined using an improved space/time objective analysis method taking into account long wavelength errors which correlated noise with a 1-2 cm mean error (Le Traon et al., 1998) . SLA are relative to a seven-year average (1993) (1994) (1995) (1996) (1997) (1998) (1999) and were mapped every 7 days from October 1992 to February 2002 with a spatial resolution of 1/3°. To have the same temporal resolution as for the surface chlorophyll-a concentrations, SLA data were averaged with a monthly time step.
b. Methodology
In order to describe the spatial and temporal characteristics of Rossby waves in the North Atlantic from 10N to 40N, we adopt a spectral analysis method based on the Wavelet Transform (WT -see details in Appendix) (Torrence and Compo, 1998) . We apply the WT in two different ways. A spatial wavelet analysis is carried out by applying the WT to zonal (east-west) sections of data at a given time step, and helps identify wavelength variability in space along the section. A temporal wavelet analysis is carried out by applying the WT to a time series of data at a given location, and helps locate periods in time. Several studies have been performed with this spectral analysis tool on satellite data sets to study particular physical or biogeochemical processes. For example, Machu and Garçon (2001) and Charria et al. (2003) used this method to describe SeaWiFS ocean color data in the Agulhas Current system and in the South Atlantic, respectively, and Cromwell (2001) analyzed Topex/Poseidon altimetry data at 34N in the North Atlantic. In the present study, we first apply the WT to both data sets to study Rossby wave variability both in space (east of, west of and above the ridge) and in time (seasonal and inter-annual variability) in the North Atlantic Ocean. Subsequently, a cross-spectral analysis is performed to study the relationship between the SLA and the chlorophyll-a concentrations by computing (cross-)wavelet coherency and phase (Torrence and Webster, 1999) . This method allows extracting coherency and phase for each scale (period or wavelength, for a temporal or a spatial analysis, respectively) at a given point in the case of a temporal wavelet analysis or at a given latitude and a particular date in the case of a spatial wavelet analysis (see details in Appendix). Due to the limited length of the time series of remotely sensed data sets (only 4 simultaneous years for the SLA and chlorophyll-a concentrations), the spatial crosswavelet analysis will be used in preference to the temporal analysis.
c. Detection of Rossby waves in the North Atlantic Ocean: Results
i. Westward propagation observed on SLA. Westward propagating signals, previously identified by several authors as baroclinic Rossby waves due to their dynamical features (see Fu and Chelton, 2001 , for a review), are clearly observed in time-longitude plots of SLA at all latitudes studied between 10N and 40N. Three examples are shown in Figure 1 . Some pre-processing may be applied to highlight the signature of the waves; for visual analysis purposes we have reconstructed, with a 1D wavelet filtering, the signal between j ϭ 20 and j ϭ 24 (equivalent to wavelengths between 500 km and 1000 km) at each latitude. The choice of this wavelength range allows filtering out mesoscale signals. The features become clearer after filtering, as illustrated by the comparison of Figures 2a and b . The observed amplitude of the westward-propagating signals varies greatly with latitude, being larger at around 34N ( Figs. 1 and 2 ). This feature could be due to the "waveguide effect," which in turn may be related to the interaction between the Azores zonal current and Rossby waves (Cipollini et al., 1997) , in analogy with what happens in the Antarctic Circumpolar Current (Hughes, 1996) . We also observe different behaviors as far as the longitudinal variability is concerned: at 20N the waves maintain roughly the same amplitude across the basin, whereas at 34N they are larger above the mid-Atlantic ridge and at 40N show a very strong amplification west of 40W, probably due to broadband energy associated with the Gulf Stream and/or to wave/current interaction.
ii. Spatial and temporal properties from SLA. To assess the spatial variability of Rossby waves, we applied a 1D spatial wavelet analysis to the unfiltered SLA. The analysis was performed month by month on sections spanning the whole zonal extent of the basin at each latitude value from 10N to 40N in 1°steps. The variable length of each section (more or less centered on the mid-Atlantic ridge where Rossby waves may be amplified (as discussed by Cromwell, 2001) ) directly influences the values of the wavelengths that we could detect, delimited by the cone of influence on the local wavelet power spectrum (Fig. 3) .
The results of this first part of the analysis highlight a strong latitudinal variability of the signal. There are usually maxima for wavelengths between ϳ 500 km and ϳ 1000 km associated to the westward propagations. As shown on Figure 3a , which presents an example for April 1998 at the latitude 34N, the maximum of wavelet coefficients (contoured by a black line indicating the 95% confidence level determined with a 2 test) is almost split into two wavelength bands at around ϳ500 km and ϳ1000 km, in the central part of the basin (these results agree with the findings of a 2D longitude/time Fourier transform and a 2D -latitude/longitude -Fourier transform combined with a 1D Gabor analysis in time - Pottier et al., 2004) . These two distinct wavelengths are not detected at 28N where a broad maximum is observed from 500 to 700 km (Fig. 3b) . From the analysis at all latitudes, it appears that a partition of energy into two distinct wavelengths only exists near 34N. Then we investigated whether such a peculiar partition of the signal is stationary or whether it only occurs at some specific times. By repeating the analysis for each month in the time series we observed that the double-wavelength configuration is most pronounced throughout almost all of 1998, except in some particular months (August and December). The same double-wavelength WT spectrum is occasionally observed in other periods, such as at the beginning of 1994, but 1998 is the only year in which it lasted for several months. To illustrate, the WT spectrum for the same latitude in April 1995 is represented in Figure 3c . For the latter, we observe only a continuum of wavelengths from , and (c), the first, second and third plots represent the SLA as a function of longitude, the LWPS (energy units in cm 2 ) as a function of longitude and wavelengths, and the bathymetry as a function of longitude, respectively. For the LWPS, the parabolic black line delimits the cone of influence (Torrence and Compo, 1998) . The black lines represent the 95% confidence level of the wavelet coefficient ( 2 statistical test). 500 km to 1000 km, rather than two distinct peaks. The position of wavelet coefficient maxima is generally correlated with the mid-Atlantic ridge. For example, at 34N, signals with high amplitude are detected above the ridge and persist west of the ridge. Establishing a trend at other latitudes is less obvious, but in general it seems that, north of 28N, energy is higher above and west of the ridge than to the east of it. According to Polito and Cornillon (1997) , a coupling between baroclinic and barotropic modes may be responsible for the wave amplification above the ridge. As shown originally by Barnier (1988) , on approaching the ridge the baroclinic wave energy is transmitted to the barotropic mode; the converse happens on the western flank of the ridge. The new baroclinic waves then generated over the ridge and associated to local wind stress fluctuations may explain the amplitudes observed. An analysis of wind stress fluctuations above the ridge may therefore help to explain the intensification of the signal, but is beyond the limits and scope of the present study.
To characterize the Rossby wave periods, we use a temporal wavelet analysis on the data filtered and reconstructed from the spatial wavelet coefficients for wavelengths between 500 km and 1000 km. This analysis shows the temporal period of the corresponding signal at a given location in longitude and latitude on the complete data series. Results (Fig. 4) are presented for three chosen points along the 34N parallel: east, above and west of the ridge. A general decrease of the period can be observed from the east to the west side of the ridge. At 21W, east of the ridge, periods between ϳ 12 and ϳ 16 months present a significant energy (Fig. 4c) . Above the ridge, Rossby wave periods decrease with time from ϳ 10 to ϳ 6 months ( Fig. 4b ). In the western part of the basin, no coherent structure can be observed in the wavelet coefficients. Only sparse patches exist for periods between ϳ 6 and ϳ 16 months (Fig. 4a) .
The temporal analysis extended to other latitudes between 10N and 40N shows a strong meridional variability (Fig. 5 ). However, a trend toward a northward increase of the period is observed on the local wavelet power spectrum, with periods between ϳ 4 and 12 months south of 30N (Figs. 5a, b) and between ϳ 6 and 24 months north of 30N (Figs. 5c, d) . These results are in agreement with the observations from Polito and Liu (2003) . Indeed, between the wavelengths ϳ 500 and ϳ 1000 km, they detected the existence of periods around 3 months south of 20N, around 6 months between 20N and 30N, and around 12 months north of 30N. iii. Phase velocities. Propagation velocities (or phase speeds) associated with Rossby waves (500 -1000 km) are now calculated from the filtered time/longitude diagrams with a 2-D Radon transform method (for details see Challenor et al., 2001) .
For the SLA, the values of the velocities increase equatorwards, from 1-2 cm s -1 to more than 20 cm s -1 (Fig. 6a) . Such a dependence on latitude is expected from both the linear theory for the first baroclinic mode of Rossby waves and its more recent extensions (Fig. 6b, c) . We also observe a westward increase of the speeds, which is well described by the extended theory from Killworth and Blundell (2003a, b) . This theory gives a better representation of these increases because it considers the bathymetry (and particularly the mid-Atlantic ridge) and the mean currents. For example, at 34N, velocities vary between 1 to 6 cm s -1 from east to west of the basin in the observations. The observed phase speeds are in broad agreement with the velocities that the extended theory from Killworth and Blundell (2003a, b) predicts for the first baroclinic mode, Figure 6 . Propagation speeds (cm s -1 , positive westward) corresponding (a) to the filtered SLA data (speeds were computed with the 2-D Radon transform (see Challenor et al., 2001) ), (b) to the extended theory (Killworth and Blundell, 2003) , (c) to the linear theory. (d) Logarithm of the ratio between speeds deduced from the observations and the extended theory. In (a) and (d), data close to the coasts are omitted due to strong zonal chlorophyll gradients which introduce marked edge effects in the wavelet analysis.
therefore it is safe to assume that in the majority of locations they represent the first baroclinic mode of Rossby waves. However, the ratio between observed and theoretical speeds (Fig. 6d ) still shows some strong differences in a few localized areas; for example, north of 33N in the western part of the basin where there are areas of significantly faster propagation than predicted, and in a few spots in the southern and eastern part of the study region, where observed waves are slower than predicted. The presence of some residual discrepancies between theoretical and observed speeds is in line with the results of a number of studies (reviewed in Fu and Chelton, 2001) .
iv. Spatial and temporal properties from chlorophyll-a concentrations. We now move to the observation of planetary waves in the chlorophyll data set. As reported in previous studies Uz et al., 2001) , westward-propagating features can be detected on time/longitude diagrams of ocean color data; here we show three examples in Figure 7 , computed with the same method as for the SLA in Figure 1 . The observed features are very similar to the Rossby waves detected in SLA, with wavelengths between 500 km and 1000 km. However, the amplitudes are perturbed by the strong residual seasonal cycle on chlorophyll-a concentrations data. At 34N above the ridge, the chlorophyll-a concentrations amplitudes (Fig. 7) linked to Rossby waves do not seem amplified as for SLA amplitudes. To compare the particular signals observed in the SLA in 1998 with the chlorophyll-a concentrations, we again use the spatial wavelet analysis. The signatures for both wavelengths 500 km and 1000 km (Fig. 8) are observed but not for the entire year. Both wavelengths are relatively well detected from January to June and are absent from July to November. At 34N, from January to June, this latitude is occupied by a strong chlorophyll front between the oligotrophic subtropical gyre and the highly productive mid-latitudes. The front slopes north-eastward, on average between ϳ35N on the American shelf to ϳ45N off Europe, but presents some meridional variability. The seasonal variation in the position of the front, in particular, could play an important role in the signature of Rossby waves in chlorophyll-a concentrations. As we see through the wavelet analysis at 28N, 34N and 40N, the detection of typical wavelengths of Rossby waves is strongly correlated with the position of the front (Fig. 9) . Indeed, larger energy at wavelengths compatible with planetary waves is detected when the front (strong meridional gradients of chlorophyll-a) is centered on these three latitudes. In February, the southern limit of the chlorophyll-a front extends to 28N (Fig. 9j) and Rossby wave signatures can be detected (Figs. 9a, d , g for each latitude 40N, 34N and 28N, respectively). In April, Rossby wave signatures are observed at 34N (Fig. 9e) and 40N (Fig. 9b) due to a southern front extension slightly south of 34N (Fig. 9k ). In July, the front presents a weak southern extension and the strongest values of the chlorophyll-a meridional gradients appear only north of 34N (Fig. 9l) . In this case, Rossby wave signatures are mostly observed at 40N (Fig. 9c, f, i ). These observations suggest that horizontal advection of meridional gradients should play an important role in the formation of an ocean color signal, but do not allow ruling out other mechanisms, which will be examined in the coupled SLA/chlorophyll study in Section 3.
v. 1998: A particular year?
In this subsection we examine the presence of two distinct wavelengths in 1998 at 34N in both SLA and chlorophyll-a data sets. The first question is to confirm the nature of these two distinct components as planetary waves; to this purpose, the range of wave numbers (ϳ500 km to ϳ1000 km) and frequencies (ϳ4 to 24 months) observed in the analysis is compared with the dispersion relation of the linear theory (calculated from the 2001 World Ocean Atlas of temperature and salinity data; Conkright et al., 2002) (Fig. 10) . A broad agreement is obtained between the data and the first baroclinic mode. Part of the residual discrepancy between observations and theory can be explained with the presence of a mean zonal current and of a noflat bottom topography, two of the improvements added by the extended theory (Killworth et al., 1997; Killworth and Blundell, 2003a, b) ; observed speeds will however be faster than theory in a few localized spots at 34N. A cross-spectral analysis based on time/space 2D Fourier transform was carried out between the weekly wind stress and wind stress curl (from the NCEP data set, Kalnay et al., 1996) and the SLA. Apart from sporadic correlation peaks at smaller temporal scales (ϳ 5 months periods) above the ridge and west of the basin (not shown), it is hard to find any significant link between the wind conditions in 1998 and the signature of Rossby waves on SLA. The influence of STORM (SubTropical Oceanic Rings of Magnitude) eddies, which have physical properties close to Rossby waves (Pingree and Sinha, 1998) , was also investigated. According to the observations of Mouriño et al. (2003) , eddies can be seen east and above the ridge, but only two STORM eddies were observed in 1998 east of 24W. Then, it looks unlikely that they can explain the particular February (a, d, g ), April (b ,e ,h) and July 1998 (c, f, i). The chlorophyll-a concentrations are filtered with a wavelet analysis for wavelengths between 500 km and 1000 km. Meridional gradients (1/degree) of the log 10 (chl) from the SeaWiFS data set are represented for February (j), April (k), and July (l). The three dotted black lines indicate the three latitudes described in the LWPS. signals we observed in 1998 (maxima of wavelet coefficients are detected from 30W to the west of the ridge). The question of the origin of these two distinct wave components at 34N therefore remains open, and in situ data as well as 3D modeling will have to be used to explore the vertical stratification associated to the different wavelengths in order to understand the observed surface signals. The signature of Rossby waves on ocean color can, in principle, be due to a number of different mechanisms. In this section we address the question of which mechanism dominates in the North Atlantic, following and extending the "modeling versus crossspectra" approach recently suggested by Killworth et al. (2004) . Their global study Conkright et al., 2002) . The green, red and blue envelopes represent the eastern part of the basin (25W-10W), the domain above the ridge (50W-25W), and the western part of the basin (74W-50W), respectively. The rectangle delimits the area which corresponds to the observations (with wavelengths from 500 km to 1000 km for periods between 6 and 16 months).
introduces process models that provide valuable information to investigate the different coupled processes involved in the Rossby waves signature at different locations in the ocean. In particular, the amplitude and phase relationship between surface chlorophyll-a concentrations and SLA can be predicted theoretically for each mechanism and can be compared with the cross-spectral observations in an attempt to assess the relative importance of that mechanism. The three processes described in the introduction can be classified in horizontal (the horizontal advection of meridional chlorophyll gradients) and vertical (the uplifting of the chlorophyll subsurface maximum and the upwelling of nutrients). In the case of a spatial analysis, it can be demonstrated theoretically that the predicted spatial phase relationship associated with vertical processes is between /2 and ( Killworth et al., 2004) . For the horizontal mechanism, the theoretical phase relationship depends on the sign of the meridional gradient of chlorophyll and the hemisphere studied. In the North Atlantic Ocean, two situations can be observed: (1) roughly north of 28N, a positive meridional gradient of chlorophyll (‫[ץ‬Chl]/‫ץ‬y Ͼ 0) which gives a spatial phase relationship between /2 and , and (2) south of 28N, a negative gradient of chlorophyll (‫[ץ‬Chl]/‫ץ‬y Ͻ 0) which gives a phase relationship between -/2 and 0.
Here we analyse the relationship between the chlorophyll and SLA signal by means of a cross-wavelet approach, which allows us to characterize the temporal variability of the phenomena. Wavelet coherency and phase (phase (chlorophyll-a) -phase (SLA)) are computed for each latitude from 10N to 40N and for each month from January 1998 to December 2001 which is the coincident period for the two remote data sets (prior to the cross-wavelet analysis, the data were rebinned onto a 1°x 1°grid to reduce the noise level). The cross-wavelet analysis (see Appendix) is applied to the wavelet-filtered data. We then extract, from each Local Wavelet Power Spectrum, the phase for components between 467 km and 1110 km wavelength (in the cone of influence, to exclude the edge effects), having a coherency above 0.75. Tests have been performed on this coherency threshold and for threshold values above 0.75, the phases do not change significantly. The largest coherency is observed north of 30N, where it reaches values above 0.95 (not shown). This strong coherency appears to be correlated with the strongest amplitudes of Rossby waves in SLA and in chlorophyll-a concentrations. In fact, south of 28N, the amplitudes are very small which could explain why the wavelet analysis cannot detect significant periodic signals (not shown). Figure 11 presents the maps of these phase relationships (phases for coherency lower than 0.75 are not plotted) for the month of April, from 1998 to 2001. It shows a strong interannual variability but we can observe some large scale spatial features, and a clear difference between the northern and southern parts of the study area.
In the area of strong positive meridional gradient (starting a bit to the north of 28N, i.e. roughly at 30N), phases are mainly between /2 and , most clearly in April 1998 and 2001 (Figs. 11a, d ). However in this area where the meridional gradient of chlorophyll-a is positive, such a range of phase values can arise from both vertical and horizontal processes, and the determination of a dominant mechanism remains ambiguous at this stage. For the particular case of 1998 at 34N, a strong coherency is observed separately for the two distinct wavelengths (ϳ500 km and ϳ1000 km) from April to June and the phases associated to these two maxima are similar (around -not shown). Figure 11 . Phase relationships between SLA and chlorophyll-a concentrations (phase(chlorophyll-a) -phase(SLA)). They were computed using the cross-wavelet analysis. Phases for the data having a maximum coherency Ͼ0.75 are extracted from each LWPS in the cone of influence for wavelengths between 467 km and 1110 km. In case more than one data set has the same maximum coherency in the spectral domain, the point, in the physical space, is excluded to retain only unambiguous phases. To describe the temporal variability, the month of April from 1998 to 2001 (a to d) is displayed.
In the weak gradient zonal band around 28N and south of that band, the observations are less coherent and very noisy. Horizontal advection could explain the Rossby wave signatures in surface chlorophyll-a concentrations in all those locations where the observed phases are between -/2 and 0. On the contrary, vertical processes would still generate a phase between /2 and , which is only observed in a very small number of grid points. Therefore in this region the phase observations point unequivocally to horizontal advection as the predominant process, confirming the findings of Killworth et al. (2004) .
The analysis detailed above for the month of April has been repeated for other months leading to similar results. The percentage of data having a coherency above 0.75 is approximately the same (between 34 and 49% with a mean value of 41%) for each month and each year studied. The analysis of the percentage of extracted data as a function of latitude confirms that north of 28N there is better chlorophyll-a concentrations/SLA coherency, with values above 50% (Fig. 12) . The maximum of this percentage is reached for the 34N latitude (59.7%).
To summarize the results of the wavelet cross spectral analysis, despite some degree of temporal variability (and higher noise south of 28N) the phase relationship appears to be in good agreement with the average temporal phase map found by Killworth et al. (2004) over the entire time series (their Fig. 6h ) when one considers that due to the propagation being westward, the spatial phases computed here will have opposite sign. Figure 12 . Ratio of extracted data compared to the number of data used for the cross-wavelet analysis (expressed in %) (a) monthly averaged, and (b) zonally averaged for the whole period (1998) (1999) (2000) (2001) .
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The attribution of the ocean color signal to different mechanisms suggested in the previous subsections has been mainly based on qualitative considerations. In this subsection, instead, we take a more quantitative look at the amplitude ratios and phase differences between chlorophyll concentrations and SLA, trying to identify the shares of the processes that can explain the chlorophyll signature of Rossby waves and resolve any ambiguity if possible. First we will illustrate this approach at three test latitudes (representative of different background conditions), then we will extend it to the whole region. The phase and amplitude relationships are computed for the three different mechanisms and are compared to the observed relationship, in agreement with Killworth et al.'s (2004) approach, which is recalled below.
i. Model used . Killworth et al. (2004) describe the evolution of a tracer (C) advected by a purely westward propagating Rossby wave. In such wave, the mean north-south flow (v ) is weak compared with the mean east-west flow, so v ϭ u' ϭ 0. The following linearization of the advection/diffusion equation is taken:
where the axes are x east, y north and z upward (with respective velocities u, v, w). The suffixes denote perturbation around the mean value (noted ') or differentiations over time t or space. M represents all the nonconservative processes for the tracer. w' is estimated from the vortex stretching equation (␤v' ϭ f wЈ 2 ) where f is the Coriolis parameter and ␤ ϭ df/dy the northward gradient of the Coriolis parameter. Eq. (1) is integrated over an ocean surface layer of depth h. Based on this integrated advection/diffusion equation, a complex expression of the ratio between the amplitude of the tracer signal (C A ) and the sea-surface height ( A ), sufficient to express the various possible combinations of mechanisms, is obtained:
where is the phase difference, g is the acceleration due to gravity, c the phase speed of the wave, the wave frequency. C 0y is the horizontal meridional gradient of tracer. The assumed limiting nutrients are the nitrates which is a good approximation over the North Atlantic Ocean. ⌬C ϵ C͑z ϭ 0͒ Ϫ C͑z ϭ Ϫh͒ with h ϭ 50 m for nutrients (chosen value for the mixed layer depth using the more recent nitrate climatology of Louanchi and Najjar (2001) and h ϭ 10 m for chlorophyll (for the reasons outlined by Killworth et al., 2004) . is the relaxation time, i. e. the characteristic decay time of the tracer anomaly, here taken to be 20 days with M 0 ϭ ϪCЈ 0 /. u 0 is the mean zonal current. All the chosen values for the different parameters are taken from Killworth et al. (2004) .
Eq. (2) allows the modeling of the three different mechanisms. The horizontal advection case is computed by taking C as chlorophyll concentrations and removing the effect of the vertical advection (⌬C ϭ 0). The vertical advection processes are simulated removing the tracers gradients (C 0y ϭ 0), then taking C to represent either chlorophyll concentrations to solve the vertical advection of chlorophyll, or nutrient concentrations (then converted to chlorophyll assuming a constant Chl:N ratio ⌬C ϭ 1.59 ⌬N) for the upwelling case. Using these different formulations, amplitude ratios and phase relationships from each process can be analyzed.
ii. Remotely sensed observations . Although the wavelet analysis described in Section 3a describes amplitude and phase between SLA and ocean color as a function of space and time, the theoretical model (6) is independent of time; in order to compare observations and model we would need to take some kind of time average of wavelet cross-spectra in time. We will therefore use the amplitude ratios and phase relationships computed by Killworth et al. (2004) with a cross-spectral Fourier analysis between SLA and surface chlorophyll concentrations, as these already represent averages over the entire time series. The cross-spectral complex coefficients allow a precise quantification of the average (over the time series) amplitude and phase relationship of the two signals at those frequencies and wave numbers at which they are most correlated. Then these relationships can be directly compared to those from the theoretical simulations.
iii. Combining model and observations: a dominant mechanism in the North Atlantic?
The detailed comparison between the model and the observations has been performed at three given model grid latitudes: 33.5N, 23.5N and 19.5N. These latitudes correspond to three areas with different chlorophyll concentration distributions. 33.5N is close to the 34N latitude studied before with the remotely sensed data, and corresponds to the front position normally associated with large positive meridional gradients of chlorophyll concentrations. The second latitude, 23.5N was selected to describe the different processes in the middle of the subtropical gyre characterized by low surface chlorophyll concentrations and weak horizontal surface chlorophyll gradients. The third latitude, 19.5N, is also located in the subtropical gyre (oligotrophic zone) with negative meridional gradients of chlorophyll concentrations but exhibits stronger vertical chlorophyll gradients between 0 and 10-meter depth (from Conkright et al., 1998) . Using these three latitudes we can analyze the mechanisms involved following different chlorophyll backgrounds: strong positive meridional chlorophyll gradients (33.5N), weak horizontal and vertical gradients (23.5N) and strong vertical chlorophyll gradients with weak meridional chlorophyll gradients (19.5N).
First, we compared the observed phase relationships to the theoretical model as it was previously performed using the wavelet analysis. The observed phases for the latitude 19.5N extend between 0 and /2 (Fig. 13d ) in good agreement with the modeled phases from the horizontal advection process. This result suggests that horizontal advection of meridional chlorophyll gradients by Rossby waves may be responsible for a large part of the observed features in the chlorophyll data, notwithstanding the strong vertical gradient.
At 23.5N, despite slightly different conditions, the observed phase relationships (between 0 and /2) are very similar to those at 19.5N, also in favor of the horizontal advection process (Fig. 13e) . We notice a jump in phase for four points located in the eastern part of the basin for the modeled phase relationship of the chlorophyll uplifting (the associated values lie between 0 and /2 compared to the [-,-/2] range found for the other longitudes). After analyses of the chlorophyll climatology used in this theoretical model (Conkright et al., 1998) , it appears that these artefacts are linked to an inaccurate climatology in this region (due to few data and interpolation method) because these variations correspond to sign changes of the vertical gradient (surface chlorophyll concentrations are greater than subsurface concentrations). We then exclude these points (the same applies to a few locations at 33.5N) from our study.
At 33.5N, the phase range deduced from the theory is the same for the horizontal and vertical mechanisms as mentioned in Section 3a. All the modeled phases are in the same quadrant as the remotely sensed data, between -and -/2 (Fig. 13f) . Then, using the phase information without additional assumption, the three mechanisms can contribute.
Our strategy to investigate the relative contributions of the three different coupled processes is precisely to add a statistical assumption that allows a quantitative decomposi- tion of the contributions by the different processes, by combining together modeled and observed amplitude ratios and phase relationships. The assumption we use is to consider the observed amplitude ratios and phases as a linear combination of the three modeled processes. So, the following equation can be built:
where z ␣ , z ␤ and z ␥ are three unknown parameters associated with the different modeled complex amplitudes: horizontal advection, chlorophyll uplifting and nitrates upwelling processes, respectively. These parameters are complex (for example z ␣ ϭ ␣ exp (i ␣ )) in order to encompass both an amplitude and a phase error in the model. System (3) has six unknown parameters for two equations (real and imaginary parts) so it has an infinite number of solutions. Among the different possible solutions, we select the one that gives the smallest value for the following cost function:
Cost function ⌿ describes the distance, in parameters' space, between the three complex parameters and number one, based on the idea that if the process modeling is correct then all the three coefficients would be equal to unity. In other words, z ␣ , z ␤ or z ␥ equal one represents a total contribution by the corresponding process, exactly as modeled (that is, with exactly the modeled amplitude and phase), to reproduce the observations. Solving (3) by minimizing ⌿ allows extracting a set of parameters to reproduce the observed amplitude ratios and phase relationships. The relative contributions (P) are then computed using the following equation:
where jϭ␣, ␤, ␥. We then applied this method to the three selected latitudes. It appears that at 19.5N and 23.5N, the horizontal advection is clearly the main process (Figs. 13g, h ). This result is in agreement with our previous conclusions from phases relationships (observed and modeled). For the latitude 33.5N, this new approach highlights not only a clear contribution by the horizontal advection as suggested by the good correlation between the signal detected and the chlorophyll front position (see Section 2c.iv), but also a contribution by the nitrate upwelling process (Fig. 13i) . In short, the observed chlorophyll signature of Rossby waves at 33.5N seems to be due to a combination of a vertical and a horizontal process. The upwelling of nitrates and the horizontal advection of the chlorophyll gradients might explain, each one, around 50% of the observed amplitude ratio.
For a global view of the influences of Rossby waves in this part of the North Atlantic Ocean, we applied the method for all latitudes from 10N to 40N. Figure 14 shows the relative contribution, computed from Eq. 5, of the three assumed processes for each model grid points north of 28N (Fig. 14a) and south of 28N (Fig. 14b) 35%. South of 28N, there is a main contribution of the horizontal process with most of values higher than ϳ 70%. The vertical processes can reach a relative contribution of 35% in the case of the uplifting of chlorophyll and 25% for the upwelling of nitrates. At these latitudes, the horizontal process is clearly dominant. In summary, the results highlight two main regions already previously found with the phases relationships deduced from the remotely sensed data (Section 3a). South of 28N, the horizontal advection of chlorophyll gradients is the dominant process with a contribution higher than ϳ 70% of the observed amplitude ratios (Fig. 14b) . North of 28N, the upwelling of nitrates and horizontal advection processes contribute approximately by the same amount to explain the observed amplitude ratios (Fig. 14a) .
Conclusions
The detailed analysis of remotely sensed data with spatial and temporal wavelet analysis allows us to characterize Rossby wave variability in the North Atlantic Ocean. The main features are in agreement with previous work and the peculiarity of the wavelet method yields additional details about these waves and their characteristics. Signals with wavelengths between ϳ 500 km and ϳ 1000 km and with ϳ 4-to ϳ 24-month periods were detected and identified as the first baroclinic mode of Rossby waves, as observed by Polito and Liu (2003) , and Osychny and Cornillon (2004) . The propagation speeds estimated with the Radon transform have been compared to the extended theory from Killworth and Blundell (2003a, b) and confirm that we observed the first baroclinic mode of Rossby waves. However there are still areas in the basin where significantly faster waves are observed.
The spatial and temporal information given by the wavelet analysis have also allowed to highlight a particular situation in 1998 at 34N, with the simultaneous existence of two wave components corresponding to wavelengths 500 km and 1000 km. Analysis of the wind field was not conclusive on the cause of the existence of these two distinct signals for this particular year and latitude, therefore further studies are needed.
The main finding of the paper is a quantification of the relative importance of various mechanisms explaining the signature of Rossby waves on ocean color. Although already explored by several authors, the problem is difficult to solve in a deterministic way. With the current tools and data from several regions in the oceans, an answer can only be given by taking additional statistical assumptions. The study of the spatial phase relationship between the surface chlorophyll-a concentrations and the SLA led to some interesting considerations in the North Atlantic Ocean. North of 28N, the spatial phase relationship does not allow decoding the dominant process unambiguously. South of 28N, the weak coherency between chlorophyll-a concentrations and SLA decreases significantly the number of data that can be used to analyze the phase. Nevertheless, it is found that most of the phases range between -/2 and /2. Thus, phases observed at these latitudes are mostly in agreement with the horizontal process but caution is of use here due to the low number of points and the noisiness of the results. With this cross-wavelet analysis, the temporal variation of chlorophyll/SLA phase relationships has been addressed. Over these 4 years of data, monthly phase relationships do not change significantly. The use of the theoretical model from Killworth et al. (2004) compared to the observations, confirms results obtained with the cross-wavelet analysis. The two latitudes, 19.5N and 23.5N analyzed south of 28N presents a clear agreement between the observations and the horizontal advection mechanism simulated.
The exploration of the relative contribution of the three different processes using the theoretical model and the remotely sensed data, and adopting a statistical cost function, leads to the conclusion that north of 28N, the chlorophyll signature of Rossby waves may not be due to a horizontal process alone. In fact, our analysis shows that upwelling of nitrates in the euphotic zone can explain about half of the observed amplitudes. This observation is coherent with the vertical nitrate gradients from the climatology. The other part is due to horizontal advection, in agreement with the good correlation found between the signal observed and the chlorophyll front position. Some caveats have to be made on these results knowing the different strong assumptions made in the Killworth et al.'s (2004) model (for example, the constant Chl:N ratio, and a constant decay time for the chlorophyll anomalies, which are both first-cut approximations). However our findings suggest that Rossby waves may have an influence on the biological production in this part (north of 28°) of the Atlantic Ocean. In future work, simulated chlorophyll fields from a coupled physical/biological model over the North Atlantic Ocean will be used to understand the contributions of the different processes in the surface chlorophyll concentration signature and to quantify the influence of Rossby waves on the primary production.
In the following we recall the definition of WT for a spatial series at a given latitude, x n ϭx(n␦x), with equal distance spacing ␦x and nϭ0,. . .,N-1. The wavelet function will be noted as (), depending on a non-dimensional "spatial" parameter . In our study, we adopt the Morlet wavelet, usually used for periodic signals, which is a complex-valued, modulated Gaussian plane wave. Its expression is: where is the nondimensional frequency.
Thus, the continuous wavelet transform of a discrete sequence x n is defined as the convolution of x n with a scaled and translated version of ():
where the (*) indicates the complex conjugate. By varying the wavelet scale s and translating along the localized space index n, one can construct a map of W n (s) showing both the amplitude of any features versus the scale and how this amplitude varies in space (Torrence and Compo, 1998) . A link between the spectral and the physical space during the wavelet analysis can be done using the following relationship, which relates the indices j of the wavelet scales (s ϭ s 0 2 jdj ) to the wavelength ( Ϸ 1,033.s -Torrence and Compo, 1998):
where djϭ1/4 is the spacing between discrete scales and s 0 ϭ 2␦x the smallest scale of the wavelet. Then, the arbitrary set of wavelet scales can be interpreted as wavelengths in meters. These concepts can be applied to the analysis of temporal time series, with obvious modifications.
Wavelet coherency and phase
The wavelet analysis, applied on two distinct data sets, allows computing other spectral products. In our study, we are interested in the coherency and phase between the chlorophyll-a concentrations and the SLA. To obtain these quantities, the cross-wavelet spectrum is estimated in a first step. Considering two spatial series (function of the longitude for a given time and latitude) X and Y, with wavelet transform W n X (s) 
where ͗.͘ indicates smoothing in both space and scale. As smoothing we have used convolution with a gaussian, following Torrence and Webster (1999) . The result of (4) is between 0 and 1, and measures the cross-correlation between two spatial series as a function of the wavelength (Torrence and Webster, 1999 
The values obtained with the equations (A4) and (A5) allow studying the relationship between the two data sets. In our case, this method is applied to compare the spatial Rossby waves properties in SLA with those in chlorophyll-a concentrations.
